The experiments to be described are concerned with the role of histones in nuclear function, with particular emphasis on biosynthetic reactions which modify the structure of histones by the introduction of acetyl and methyl groups. These reactions have been studied in isolated calf thymus nuclei in vitro, using acetate-2-C14 and methionine-methyl-C'4 (see ref. 1) as precursors, comparing their incorporation with that of C14-lysine and other amino acids, and testing the effects of Puromycin on the synthesis of different histone fractions. Evidence will be presented to show that, in the cell nucleus, the acetylation and methylation of the histones occur very probably after completion of the polypeptide chain.
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'" Muldal, S., L. The experiments to be described are concerned with the role of histones in nuclear function, with particular emphasis on biosynthetic reactions which modify the structure of histones by the introduction of acetyl and methyl groups. These reactions have been studied in isolated calf thymus nuclei in vitro, using acetate-2-C14 and methionine-methyl-C'4 (see ref. 1) as precursors, comparing their incorporation with that of C14-lysine and other amino acids, and testing the effects of Puromycin on the synthesis of different histone fractions. Evidence will be presented to show that, in the cell nucleus, the acetylation and methylation of the histones occur very probably after completion of the polypeptide chain.
Such modifications of histone structure, acetylation in particular, may affect the capacity of the histones to inhibit ribonucleic acid synthesis in vivo. This view is supported by the finding that, when isolated arginine-rich histones are subjected to a limited acetylation, they lose much of their effectiveness as inhibitors of RNA synthesis by the DNA-dependent RNA polymerases of calf thymus nuclei or Escherichia coli. Yet, such modified histones are still strongly basic proteins which retain an affinity for DNA comparable to that of the parent histone from which they were derived.
The findings introduce the possibility that histone effects on nuclear RNA metabolism may involve more than a simple inhibition of RNA synthesis, and that more subtle mechanisms may exist which permit both inhibition and reactivation of RNA production at different loci along the chromosome.
Interest in the histones as regulators of chromosomal activity has heightened considerably in the past few years, as increasing experimental evidence has accumulated to support the view that the role of histones is to inhibit chromosomal function in differentiated cells in higher animals and plants. The inhibitory role of histones was originally surmised by Stedman and Stedman in 1951,2 but biochemical evidence that histones do block DNA function is of recent origin. Of particular interest are the observations (a) that histones inhibit RNA synthesis in isolated thymus nuclei;3-5 (b) that removal of the histones from the nucleus results in an increased rate of "messenger" RNA synthesis;5' 6 and (c) that DNA-histone complexes are unable to serve as "primers" for RNA synthesis in vitro in the presence of a DNA-dependent RNA polymerase from pea-seedling nuclei. 7 The inhibition of RNA polymerases by histones has been observed in mammalian6 8 and bacterial systems as well,9-" although it should be pointed out that nonspecific polycations, such as polylysine, will also inhibit RNA polymerase activity," and that histones can inhibit a wide range of other enzymatic reactions not directly involved in RNA synthesis.6 ' 12-14 It has seemed likely that the suppression of RNA synthesis by histones is due in large part to complex formation between the added histones and the DNA needed as a "primer" in the RNA polymerase reaction. Indeed, the correlation between DNA binding and the inhibition of RNA synthesis is evident in the experiments of Huang and Bonner,7 who showed that histones which protected DNA from thermal denaturation also blocked its "primer" action.
Something more, however, than simply the combination of histone with DNA should be considered. The experiments to be reported below indicate that combination without inhibition is possible, and they suggest that specific (and presumably reversible) changes in histone structure, which do not prevent binding of histone to DNA, may permit DNA to serve as a template in the RNA polymerase reaction. This raises the possibility that relatively minor modifications of histone structure, taking place on the intact protein molecule, offer a means of switching-on or -off RNA synthesis at different loci along the chromosome.
Histone Synthesis in Isolated Cell Nuclei.-Amino acid incorporation into histones: It has been shown previously that nuclei isolated from calf thymus tissue in isotonic sucrose solutions can incorporate amino acids into their proteins." ' 16 The histones become labeled in the process,'6 although they are not as rapidly synthesized as are other protein fractions of the nucleus'5 (see Fig. 1A ). There are good reasons to believe that the synthesis or "turnover" of histones is intranuclear'6 and that it can proceed without a concomitant synthesis of DNA, because thymus lymphocytes are not dividing rapidly, and because histone "turnover" has been observed in nondividing tissues of adult animals.'7 Amino acid incorporation into the histones, or into other proteins of isolated thymus nuclei, is an energy-dependent process. It is inhibited by agents which block nuclear ATP synthesis'4' 18 but it is not affected by CO, Ca++ ions, or methylene blue, all of which block mitrochondrial ATP synthesis without affecting nuclear ATP levels.'4 The synthesis of the histones, like that of other nuclear proteins, appears to require a prior and continuing synthesis of RNA'5 8 This is one reason for the lag phase in amino acid uptake (Fig. 1A) . Agents which block nuclear RNA synthesis, such as actinomycin D19, 8 or 5,6-dichl6ro-j3-D-ribofuranosyl benzimidazole,20 1' have no immediate effect on histone synthesis, but the rate of histone labeling begins to fall off 30-60 min after the cessation of "messenger" RNA synthesis. The synthesis of thymus "messenger" RNA and its isolation are described elsewhere. 5' 21 Inhibition of histone synthesis by Puromycin: The incorporation of amino acids into the histones is inhibited by the addition of Puromycin to the incubation medium. This antibiotic, widely used as an inhibitor of protein synthesis since its introduction for this purpose by Yarmolinsky and de la Haba,22 effectively stops nuclear protein synthesis at concentrations of 100 ,g/ml.23 Since its action involves an interference with transfer-RNA function22 and leads to a release of unfinished peptides from ribosomal sites of synthesis,24 40 it can be concluded that histones, like other nuclear proteins, are probably made on nuclear ribosomes.25-27
When the syntheses of different types of histones are compared (Table 1) , some are found to be less susceptible to Puromycin inhibition than others. The uptake of amino acids into the lysine-rich histones, in particular, seems more resistant to this level of the antibiotic than is amino acid uptake into the arginine-rich fraction (Table 1) , but the inhibition is still definite. Modification of Histone Structure.-Acetylation of histones in isolated nuclei: The presence of acetyl end-groups in thymus histones was detected originally by Phillips,30 who recently observed that 54-58 per cent of the total N-terminal groups are acetylated.3' Histones differ in this respect; the lysine-rich histones are highly acetylated (73-80% N-terminal acetyl groups) as compared with 36-48 per cent N-terminal acetyl groups in the arginine-rich fraction.31
We have observed that when isolated nuclei are incubated in the presence of sodium acetate-2-C14 (under the conditions described in Materials and Methods), there is a rapid incorporation of isotope into the histones. The time course of uptake into histones and other proteins is shown in Figure 1B . It is of interest that acetate-C14 uptake into the histones proceeds without a lag phase and tapers off quickly, while the uptake of lysine-Cl4 into the basic proteins shows the typical lag and proceeds longer (Fig. 1A) . In this respect, acetate uptake into histones resembles the uptake of uridine and other precursors into nuclear RNA.32 33
Evidence that the acetate taken up is incorporated as acetyl groups attached to histones is giveh in Materials and Methods. histone.
Comparison of acetate-C14 uptakes into different histone fractions: When the acetyl-labeled histones are separated by chromatography on carboxymethylcellulose columns,28 it is observed that different types of histone diff r in their rates of C14-acetate uptake. The specific activity of the arginine-rich fraction is particularly high (Fig. 2) . This is a surprising finding considering the relatively low total acetyl content of this fraction as compared with that of lysine-rich histones.~"
Because of the extensive acetate uptake into the arginine-rich Iistones, this fraction was selected for studies of the effects of acetylation on histone inhibition of the RNA polymerase reaction (see below).
Failure of Puromycin to inhibit acetate uptake into histones: Although Puromycin effectively inhibits the uptake of arginine-G-C'4, lysine-1C4 n te mn acids into histones (Table 1) , it has no effect on the uptake of acetate-26C14 into the basic proteins of the nucleus. The differences between acetylation and synthesis are clear-cut when one compares the effects of Puromycin on lysine-1-C64 and acetate-2-C4 uptakes ( histones in cpm/mg and also gives the total counts recovered as acetate-C14 from the basic protein hydrolyzates. The failure of Puromycin to inhibit the acetylation reaction indicates that histones are very probably modified by acetylation after completion of the polypeptide chain. It is therefore unlikely that acetate is activated and transferred by sRNA's as are the amino acids. This conclusion is in accord with recent work on the acetylation of tobacco mosaic virus protein, in which no evidence for acetyl-amino acid intermediates could be obtained. 36 Methylation of histones in isolated nuclei: The presence of epsilon-N-methyllysine in calf thymus histones was recently detected by K. Murray,1 who also observed that the group donor for histone methylation was methionine.I
We have studied the incorporation of C14-methyl groups into the histones of isolated thymus nuclei and tested the effects of Puromycin on this process. The results are presented in Table 3 . It is clear that concentrations of Puromycin which inhibit synthesis of the nonhistone proteins by over 90 per cent, and which lowered lysine-Cl4 uptake into the histones by 73 per cent, had no effect on methylation of the histones. Thus, it is very probable that methylation of the histones, like that of amino acid-transfer RNA's37' m proceeds after the synthesis of the primary structure of the molecule has been completed. The effects of adding arginine-rich histones on RNA synthesis by the "aggregate enzyme" are shown in Table 4 . Inhibition, though variable from one experiment to another, usually ranges from 60 to 75 per cent. On the other hand, when histones of varying degrees of acetylation are added to this system, the inhibition is markedly reduced. Even small amounts of acetylation, which hardlyaffect the electrophoretic mobility of the protein (Table 4) or its ability to combine with DNA (Fig. 3) , can lower the inhibition from 66 to 21 per cent of the control value. More highly acetylated histones, although still basic, hardly inhibit at all (Table 4) . Table 4 ; as in the case of the thymus enzyme, the acetylated histones did not inhibit RNA synthesis as effectively as did the parent proteins.
The failure of acetylated histones to block the RNA polymerase reaction is not due to their inability to combine with DNA. On the contrary, these proteins very effectively protect DNA from thermal denaturation. In Figure 3 the melting curves are shown for DNA, for the DNA-arginine-rich histone complex (66% inhibition of RNA synthesis), and for the DNA-acetylated histone complex (21% inhibition of RNA synthesis). It should be noted that the denaturation studies were carried out at the same pH value (7.4) as were the RNA polymerase assays.
Acetylated histones are also able to combine effectively with nuclei from which the histones have been previously extracted with ethanolic HC1. 43 The results make it clear that complexes of DNA with acetylated histones can be formed, but, under these conditions, "primer" activity for RNA synthesis is glucose, NaCl, and MgCl2, and the isotopic precursor. [14] [15] [16] The isotope concentration in acetate labeling experiments was 2.5 /uc/ml sodium acetate-2-C14 (Sp. Act. 20.5 me/mM); in methylation studies 1.2 ,uc of L-methionine-methyl-C'4 (Sp. Act. 140 mc/mM) was added per ml. Mixed histones were extracted in 0.2 N HCl from nuclei previously washed with 0.01 M "tris" buffer (pH 7.6) and with 80% ethanol. The lysine-and arginine-rich fractions were prepared according to Johns and Butler2' or by chromatography.28 Soluble DNA-histone complexes were prepared by mixing in 1 M NaCl and dialysis versus 5 X 10-4 M "tris" buffer (pH 7.4).
The thymus RNA polymerase was prepared and assayed by modifications of the methods of Biswas and Abrams.4' The E. coli enzyme was assayed according to Chamberlin and Berg."
Evidence that the acetate taken up is incorporated as acetyl groups attached to histones has been obtained in several ways: (a) purification of the histones by chromatography shows that the label is eluted with the basic proteins (Fig. 2) ; (b) acetyl-labeled histones can be separated by electrophoresis on cellulose polyacetate strips;24 (c) acetate-C'4 is not removed when the histones are treated with organic solvents (to remove lipids); and (d) more than 75% of the acetate-C"4 remains after the histones are treated with hot 16% trichloroacetic acid (TCA) at 900 for 15 min (to remove polysaccharides and nucleic acids).
When TCA-treated histones are hydrolyzed to their constituent amino acids (using 6 N H,3POi at 1100 for 20 hr), the C'4-acetyl is released as C14-acetic acid. This can be separated from the amino acids by steam distillation, and trapped in dilute alkali. Scintillation counting of the distillate allows a measure of the C'4-acetyl content of the histone proteins. These counts are plotted in Figure lB , curve 3. Two thirds of the total counts are recoverable as acetate-C'4.
Uptake of L-methionine-methyl-C'4 into histone: Nuclei were incubated in the presence of IL methionine-methyl-C'4 with or without the addition of Puromycin-HC1 at a final concentration of 100 jg/ml. After 60 min at 370, the histones were prepared for counting. Although histones do not contain more than traces of methionine, some C'4-methionine does appear in acid extracts of thymus nuclei, presumably as a component of nonhistone proteins that are present in small amounts. To remove this methionine contamination and simplify interpretation of the data, the histone fraction was hydrolyzed to its component amino acids (using 6 N HCl at 1100 for 20 hr In a previous communication' we reported a new analysis of visible and nearultraviolet rotatory dispersion data of aqueous solutions of polypeptides and proteins having a-helical or random conformations, or mixtures of both. 
and it was found that the helix content could be expressed in terms of either one of the two parameters.
As a result of this analysis it was concluded that the rotatory dispersion parameters of polypeptides and proteins (in aqueous solutions) existing in a-helical or random conformations, or mixtures of the two, fit equation (2) 
